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R E S E A R C H  A R T I C L E
Niche partitioning of sympatric penguins by leapfrog foraging 
appears to be resilient to climate change












































climate	 change	and	 so	competitor	matching	cannot	be	 implicated	 in	 the	observed	
population	 declines	 of	 the	 two	 penguin	 species	 across	 the	 Western	 Antarctic	
Peninsula.
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1  | INTRODUC TION
Competition	within	 and	between	 species	 exerts	 strong	 influences	
over	population	dynamics,	community	structure	and	species	distri-
butions	(Hardin,	1960;	MacArthur,	1968).	The	potential	for	compe-
tition	 is	 particularly	 intense	 in	 communities	where	 closely	 related	
species	breed	sympatrically	at	high	densities	and	share	limited	food	
resources	 (MacArthur,	1968).	 Interspecific	competition	may	be	re-
duced	 by	 differentiating	 niche	 space	 along	 multidimensional	 axes	
such	 as	 diet	 (Croxall,	 Prince,	 &	 Reid,	 1997),	 foraging	 distribution	
(MacArthur,	1958;	Wilson,	2010)	and	allochrony	(i.e.,	differences	in	
the	 timing	of	activity	among	species).	Allochrony	 in	breeding	phe-




Animals’	 breeding	 phenology	 is	 often	 timed	 to	 coincide	 with	




timing	 of	 predator	 demands	 and	 prey	 availability	 (“predator–prey	
mismatching”)	 have	 become	 central	 to	 our	 thinking	 about	 climate	
change	 impacts	upon	ecosystems	(Parmesan	&	Yohe,	2003;	Visser	
&	Both,	2005).	The	alteration	of	competitive	interactions	by	climate	







2013)	 and	birds	 (Sætre,	 Post,	&	Král,	 1999;	 Stenseth	 et	al.,	 2015).	
Ecologically	 similar	 species	 may	 alter	 their	 breeding	 phenology	
in	 response	 to	 warming	 at	 different	 rates	 (Chadwick,	 Slater,	 &	
Ormerod,	 2006;	 Lynch,	 Fagan,	 Naveen,	 Trivelpiece,	 &	 Trivelpiece,	
2012)	 and,	where	breeding	 cycles	become	more	 synchronised,	 in-








2009).	 Allochrony	 is	 known	 to	 reduce	 interspecific	 competition	
by	offsetting	the	peak	period	of	food	demand	(Barrett,	Asheim,	&	
Bakken,	1997)	but	also	has	the	potential	to	affect	spatio-	temporal	
overlap	 in	 foraging	 areas.	Most	 families	 of	 seabird	 show	 seasonal	
variation	 in	 foraging	 ranges	 (incubation	 trips	 are	 generally	 longer	
than	chick	rearing	ones,	e.g.,	Barlow	&	Croxall,	2002;	Ito,	Takahashi,	
Kokubun,	 Kitaysky,	 &	 Watanuki,	 2010;	 Kitaysky,	 Wingfield,	 &	
Piatt,	 1999)	which,	when	 combined	with	 allochrony,	will	 give	 rise	
to	leapfrog	foraging.	Leapfrog	foraging	has	been	described	in	high-	
shore	 nesting	 oystercatchers	 that	 overfly	 low-	shore	 nesters	 to	
reach	 estuarine	 feeding	 habitat	 (Ens,	 Kersten,	 Brenninkmeijer,	 &	
Hulscher,	1992),	but	in	the	case	of	colonial	seabirds,	it	would	arise	
from	the	whole	population	of	a	late-	nesting	species	performing	long	
incubation	 trips	 beyond	 the	 foraging	 range	 of	 an	 earlier	 nesting	
species	that	 is	performing	shorter	chick	rearing	trips.	This	 is	anal-







Adélie	 (Pygoscelis adeliae)	 and	 chinstrap	 (P. antarcticus)	 penguins	
(hereafter	Adélies	 and	 chinstraps)	 are	 congeners	 that	 breed	 sympat-
rically	across	the	Scotia	Arc	and	Western	Antarctic	Peninsula	 (WAP).	













scribe	 the	 spatial	 segregation	between	 these	 species’	 foraging	distri-
butions	(Lynnes	et	al.,	2002;	Wilson,	2010)	were	confined	to	the	chick	











ulations.	 However,	 increased	 competition	 among	 the	 two	 penguin	
species	 for	 this	diminishing	prey	resource	may	have	further	contrib-
uted	to	population	declines,	and	competitor	matching	has	been	pro-





In	 this	 study,	we	present	 a	 behaviour-	based	model	 of	 penguin	
foraging	 distributions	 to	 explore	 how	 allochrony	 contributes	 to	
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spatial	 segregation	 in	 the	 two	 species.	 The	 advantage	 of	 this	 ap-
















2  | MATERIAL S AND METHODS
2.1 | Study site and tag deployments



















Specifically,	 devices	 were	 combined	 GPS-	TDR	 loggers	 (Little	
Leonardo	 GPL-	380DT,	 Tokyo,	 Japan)	 during	 2007/08	 and	 Fastloc2	
GPS	loggers	(Sirtrack,	Havelock,	New	Zealand)	paired	with	CEFAS	G5	
TDRs	(CEFAS	Technology	Ltd,	Lowestoft,	UK)	whose	clocks	were	syn-
























































(Fieberg	&	Kochanny,	 2005).	 Therefore,	 the	 resulting	UDOI	 value	
would	be	0	if	there	is	no	overlap,	1	if	there	is	100%	overlap	and	the	
utilisation	 distributions	 are	 uniform,	 equal	 distribution	 across	 the	
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area,	 and	>1	 if	overlap	 is	high	and	 the	utilisation	distributions	are	
nonuniformly	distributed	(Fieberg	&	Kochanny,	2005).
2.3 | Statistical analysis of tracking data
Variation	 in	 foraging	 behaviour	 among	 species	 and	 breeding	
stages	 was	 investigated	 using	 the	 processed	 GPS	 dive	 locations	
and	TDR	dive	depth	data.	The	maximum	distance	from	the	colony	
reached	during	each	trip	was	calculated	using	the	R	package	move 
(Kranstauber	&	 Smolla,	 2016).	 Linear	mixed	 effects	models,	 fitted	
using	 the	 R	 package	nlme	 (Pinheiro,	 2016),	were	 used	 to	 investi-
gate	differences	in	the	average	maximum	distances	from	colony	and	


















through	 their	 breeding	 season,	 making	 foraging	 trips	 with	 the	 fre-
quency	and	characteristics	for	the	given	stage	of	the	breeding	season.
The	 foraging	 trips	we	 collected	were	 accurate	 representations	
of	the	paths	those	birds	followed	during	the	period	of	tracking,	but	
these	birds	on	other	occasions,	or	other	birds	in	the	colony,	would	
have	 made	 trips	 of	 similar	 characteristics	 (in	 terms	 of	 start	 and	
end	 points,	 duration,	 speed	 and	 tortuosity)	 but	 these	would	 have	
followed	 different	 paths.	 Rather	 than	 sampling	 tracks	 from	 those	
observed	 (which	would	underestimate	variation	 in	paths),	we	gen-
erated	 random	tracks	around	 the	observed	ones	using	 the	CRAWL 
model.	 For	 each	 track,	we	 allowed	observation	 error	 (SD =	3.5	km	
during	long	incubation	trips,	2.5	km	during	short	chick	rearing	trips)	
around	each	GPS	 fix	 (except	 the	 start	 and	end	points	which	were	































Overlap	 in	dive	depths	of	 the	 resampled	dive	depths	was	 inves-






2.5 | Analysis of breeding phenology data
Long-	term	 patterns	 in	 the	 phenology	 of	 both	 species	were	 inves-
tigated	 by	 modelling	 their	 mean	 annual	 laying	 dates	 on	 Signy	 in	




ing	 substrates	 (Lynch,	Fagan,	 et	al.,	 2012).	Temperature	data	were	











the	 date	 in	 days	 after	 1	October	 as	 the	 explanatory	 variable.	 This	
model	was	fitted	for	each	species	and	year	separately.	The	dose.p 
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function	 in	 the	MASS	package	 in	R	 (Ripley	et	al.,	2017)	was	used	to	
derive	the	day	when	50%	of	nests	contained	one	or	more	chicks	to	
produce	the	mean	hatching	date	for	each	species-	year	combination.	














3.1 | Trip and dive metrics
Incubation	stage	trips	ranged	furthest	from	the	colony	and	were	di-
rected	to	and	beyond	the	shelf	break	in	a	SSW	direction	(Figure	1a),	
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over	the	shelf	within	a	quadrant	delimited	by	southerly	and	westerly	



















dived	deeper	on	 average	 (39.4	m	±	2.6)	 than	Adélies	 (25.35	m	±	3.19).	
The	between-	individual	random	effect	explained	33.7%	of	the	variabil-
ity	 in	 the	 intercept	and	 foraging	 trip	within	 individuals	 just	7.9%.	The	
overlap	in	the	frequency	distributions	of	the	two	species’	dive	depths	
across	all	stages	was	0.77.






bation	 trips	while	 the	 latter	were	performing	short	 incubation	and	
brood-	guard	 trips.	 As	 chinstraps	 began	 shorter	 brood-	guard	 trips,	
Adélies	 leapfrogged	 back	 over	 them	 to	 perform	 long	 crèche	 trips.	
Chinstraps	 continued	 short	 trips	 through	 the	 remainder	 of	 their	


















3.3 | Timing of breeding phenology in relation to 
October air temperature
October	 air	 temperatures	 in	 the	 South	 Orkneys	 have	 increased	 sig-
nificantly	over	 the	 last	114	years	 from	an	 intercept	of	−4.25°C	±	0.35	










nology	data	were	 available	 (linear	 regression:	F1,19	=	0.30,	p	>	0.5),	 al-
though	the	last	5	years	of	the	time	series	were	among	the	eight	coldest	
on	record,	suggesting	a	recent	shift	to	cooler	temperatures	(Figure	5).
Modelling	 of	 the	 long-	term	 time	 series	 of	 phenology	 data	 re-
vealed	 that	 the	 interactive	effect	of	 species	and	October	air	 tem-
perature	on	 laying	date	was	not	significant	 (ANCOVA;	F1,30	=	0.68,	




in	 temperature	 (Figure	5).	 The	 mean	 Adélie	 penguin	 laying	 date	
when	October	temperature	was	0o	C	was	1st	November	±	1.02	days	
and	 that	 of	 chinstraps	 was	 27.89	±	1.03	days	 later	 (Figure	5).	 We	
found	 that	 the	 annual	 residuals	 from	 this	 model	 were	 correlated	
between	the	two	species	(Pearson	correlation,	r	=	0.767,	t15	=	4.64,	
p	<	0.0005),	 suggesting	 a	 common	 phenological	 response	 to	 vari-
ables	other	than	October	air	temperature.	Allochrony	was	therefore	








2015;	 Rosciano	 et	al.,	 2016)	 and	 reduce	 this	 by	 partitioning	 their	
niches	along	multidimensional	axes	such	as	dietary,	spatial	or	tem-
poral	 segregation	 (Navarro	 et	al.,	 2013;	 Polito	 et	al.,	 2015;	 Pratte,	
Robertson,	&	Mallory,	2017).	 The	 three	 species	of	Pygoscelis	 pen-
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to	 alter	 the	 phenology	 of	 ecologically	 similar	 species	 at	 differing	
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4.1 | Stage- dependent foraging distribution
We	found	that	foraging	distribution	and	the	maximum	range	of	trips	










4.2 | Allochrony and leapfrog foraging
Allochrony	has	long	been	recognised	as	an	axis	along	which	niche	partition-
ing	can	arise	for	sympatric	species	that	are	otherwise	ecologically	similar	
(Birkhead	&	Nettleship,	 1987).	 Adélie	 penguins	 at	 Signy	 Island	 initiated	
breeding	28	days	earlier	than	chinstrap	penguins,	a	degree	of	allochrony	
which	 is	 identical	 to	 another	 site	 in	 the	 South	 Orkneys	 (Carlini,	 Coria,	
Santos,	&	Bujan,	2005)	but	greater	than	the	21	days	observed	in	the	South	
Shetlands	and	WAP	(Lynch,	Fagan,	et	al.,	2012).
The	 behaviour-	based	 model	 revealed	 that	 leapfrog	 foraging	 is	
an	 important	mechanism	for	 reducing	 foraging	competition	among	
the	 two	 species:	Chinstraps	performed	 long	 incubation	 trips	while	




lochrony,	 therefore	produced	two	 instances	of	 leapfrogging	during	
the	breeding	season,	which	supports	Hypothesis	2.	A	similar	pattern	
of	leapfrog	foraging	has	been	documented	for	northern	and	south-







Theoretical	 simulations	 showed	 that	 if	 the	 two	penguin	 species	
were	to	breed	synchronously,	their	peripheral	spatial	overlap	would	
increase	by	54.0%	over	the	entire	breeding	season,	which	supports	
Hypothesis	 3.	 Previous	 studies	 of	 foraging	 distributions	 in	 Adélie	
and	 chinstrap	 penguins	 during	 chick	 rearing	 alone	 (Lynnes	 et	al.,	









F IGURE  5 Annual	laying	date	for	Adélies	(black)	and	chinstraps	(grey)	against	annual	mean	October	air	temperatures	(°C)	over	the	 
20-	year	study	period.	Points	are	marked	with	years,	and	shading	represents	95%	confidence	intervals
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4.3 | Partitioning of dive depths
Vertical	niche	partitioning	has	been	found	in	a	range	of	diving	(Cimino	
et	al.,	2016;	Kokubun	et	al.,	2010,	2016;	Mori	&	Boyd,	2004)	and	ar-
boreal	 (MacArthur,	 1958;	Mansor	&	Ramli,	 2017;	 Slagsvold,	 1975)	
species	where	 they	 occur	 in	 sympatry.	We	 found	 that,	while	 dive	
















straps.	 Similarly,	 Cimino	 et	al.	 (2016)	 found	 that	 gentoo	 penguins	
performed	 deeper	 dives	 in	 areas	 of	 overlap	with	 Adélie	 penguins	
compared	to	areas	of	no	overlap,	presumably	to	avoid	competition	
with	the	shallower	diving	species.




2003;	Visser	&	Both,	 2005).	Avian	phenology	 is	 particularly	 sensitive	
to	warming	temperatures	 (Visser,	te	Marvelde,	&	Lof,	2012)	and	rates	
of	 change	 can	 vary	 among	 sympatric	 species	 with	 similar	 ecological	
requirements,	resulting	in	competitor	matching.	For	example,	nest	site	
competition	between	great	tits	Parus major	and	pied	flycatchers	Ficedula 











allochrony	 between	 these	 two	 species	 was	 preserved	 in	 relation	 to	
October	temperature	within	sites	though	time,	while	Black	(2015)	found	
it	was	preserved	across	sites	situated	over	a	wide	latitudinal	gradient.
The	 ecological	 causes	 of	 this	marked	 resilience	 of	 allochrony	






their	 early	 phenology	 is	 believed	 to	 have	 evolved	 to	 allow	 them	
to	 exploit	 peaks	 in	 food	 availability	 following	 the	 spring	 bloom,	
























2012),	 both	 species’	 primary	 prey,	may	 also	 influence	 competitive	
interactions	and	thus	the	resilience	of	allochrony	to	environmental	




Our	 combined	 analytical	 approach	 has	 allowed	 important	 insights	
into	competitive	 interactions	among	 the	 two	penguin	species.	The	
behaviour-	based	model	 reveals	 that	 niche	 partitioning	 by	 leapfrog	
foraging	 is	 reduced	 as	 the	 degree	 of	 allochrony	 between	 the	 two	
species	 is	 reduced,	 but	 the	 analysis	 of	 long-	term	 phenology	 data	
























4e5d-bd5f-69a1ba09d403	 (Dunn,	 2018).	 Tracking	 data	 are	 ad-
ditionally	 available	 from	 the	 BirdLife	 Seabird	 Tracking	 Database	
(http://www.seabirdtracking.org/mapper/index.php).
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